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Mechanisms of Asbestos-Induced
Squamous Metaplasia in Tracheobronchial
Epithelial Cells
by Gregory Cameron,* Craig D. Woodworth,*
Susan Edmondson,* and Brooke T. Mossman*
Within 1 to4weeksafterexposure toasbestos, differentiated rodentandhumantracheobronchial epithelial
cells in organ culture undergo squamous metaplasia, a putative preneoplastic lesion characterized by con-
version ofmucociliary cell types tokeratinizing cells. The exogenous addition ofretinal acetate (RA) to cul-
ture medium ofhamstertracheal organcultures reverses preestablished, asbestos-induced squamous metapla-
sia, although data suggest that the effectiveness ofRA decreases as the length oftime between exposure to
asbestos and initial application ofRA increases.
a-Difluoromethylornithine (DFMO), an irreversible inhibitor ofornithine decarboxylase (ODC), inhibits
squamous metaplasiacausedbyasbestos orvitaminAdeficiency, whereasadditionofmethylglyoxal bis(guanyl-
hydrazone) (MGBG), a structural analog ofspermidine and inhibitor ofS-adenosylmethionine decarboxy-
lase, causes an enhancement ofmetaplasia under both circumstances. Basal cell hyperplasia and increased
incorporation of3H-thymidine bytracheal epithelial cellsalso are seen afteraddition ofthepolyamines, putres-
cine or spermidine, to tracheal organ cultures, an observation supporting the importance ofpolyamines in
the development ofthis lesion. The use ofretinoids and inhibitors ofODC could be promising as preventive
and/or therapeutic approaches for individuals at high risk for development ofasbestos-associated diseases.
Introduction
"Asbestos" refers to afamily ofhydrated silicates offi-
brous (> 3:1 length:diameter ratio) dimensions. Occupa-
tional exposure to these minerals has been linked to the
development of pulmonary fibrosis (asbestosis),
mesothelioma, and lung cancer (i.e., bronchogenic carci-
noma) (1). The latter disease is of critical importance as
it has an extremely poorprognosis and is the cancertype
associated with the highest mortality rate in man.
Both epidemiologic and experimental data suggest that
asbestos is a cocarcinogen and/or tumor promoter in the
development ofbronchogenic carcinoma (2). For example,
in comparison to smokers in the general population (8- to
10-fold increased risk of bronchogenic carcinoma), non-
smoking asbestos workers have a 1.5- to 4-fold increased
risk of lung cancer. In contrast, asbestos workers who
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smoke have amore strikingrisk(80- to92-fold) ofdisease
(3). Withthe exceptionoftherat, most animals do not de-
velop bronchogenic carcinoma after inhalation or in-
tratracheal instillation ofasbestos unless polycyclic aro-
matic hydrocarbons (PAH), chemical carcinogens in
cigarette smoke, are adsorbedto the surfacesofthefibers
(4). Thus, asbestos appears to act as a cocarcinogen by
deliveringPAH to tracheobronchial epithelial cells(5), the
progenitor cells ofbronchogenic carcinoma.
Tumor promotion by asbestos has been demonstrated
in rat tracheal grafts exposed previously to noncarcino-
genic amounts ofthe PAH, dimethylbenzanthracene (6).
Subsequentinsertion ofasbestos into thesegrafts causes
the development of tumors, whereas neoplasms are not
observed after application ofidentical concentrations of
DMBA or asbestos alone. Ib elucidate possible mechan-
isms ofasbestos-induced tumorpromotioninthe respira-
torytract, workinthislaboratoryhasfocusedonthebio-
logic effects of asbestos on hamster tracheal epithelial
cells inmonolayerandorganculture. Many ofthe changes
reportedincultured cells exposedtophorbol esters, clas-
sical tumorpromoters studied extensively in mouse skin,
are observed in tracheal epithelium after addition ofas-CAMERON ETAL.
bestos. These include stimulation of plasma membrane
markerenzymes (7), increased cell division (8,9), increased
activity ofODC (9), and development ofhyperplastic and
metaplastic changes (8,10-12).
Understanding the pathogenesis ofsquamous metapla-
sia is ofparticular relevance to the development ofbron-
chogenic carcinoma, as the lesion is considered an inter-
mediate step in the progression of morphologic events
leading to neoplasia. Although squamous metaplasia as-
sociated with trauma or vitamin A deficiency is revers-
ible, it is unclearwhethermetaplastic changes caused by
chemical orphysical carcinogens, such asasbestos, resolve
with time or develop into malignancies. For example,
squamous metaplasia is observed commonly in the
respiratory tract of smokers, a group at high risk of de-
veloping bronchogenic carcinoma (13).
The results ofstudies fromthislaboratory suggest that
asbestos-induced squamous metaplasia occurs when
fibers impinge on the tracheal epithelium (8,10-12).
Fibers then cause sloughing ofsuperficial cells and com-
pensatory regeneration of epithelial cells that are squa-
mous innature. Whereas smallerfibers arephagocytized
successfully by macrophages and epithelial cells, longer
fibers appear to act as matrices for proliferation of cells
overtheir surfaces. Thus, asbestos-induced metaplastic le-
sions occur at localized sites ofaccumulation offibers on
the epithelial surface, unlike the broad expanses of
metaplasia observed in vitamin A deficiency (14).
Work here was initiated to determine ifretinoids, i.e.,
synthetic derivatives of vitamin A, could reverse pre-
established squamous metaplasia in hamstertracheal or-
gan cultures exposed to crocidolite asbestos orthe PAH,
benzo(a)pyrene (BaP). Because retinoids appear to in-
fluence polyamine and DNA synthesis(15), we also inves-
tigated the ability of various inhibitors ofpolyamine bi-
osynthesis to modify squamous metaplasia caused by
vitamin A deficiency or exposure to asbestos. Last, the
polyamines putrescine, spermine, and spermidine were
added to tracheal organ cultures to determine if they
caused increased DNA synthesis, as measured by incor-
poration of 3H-thymidine, in tracheal epithelium.
Materials and Methods
Preparation ofTracheal Organ Cultures
The technique for preparation and culture hamster
tracheal explants has been described in detailpreviously
(16). Inbrief, female golden Syrian hamsters(6-8 weeks
ofage) were sacrificedby IPinjection ofsodiumpentobar-
bital, and the tracheas dissected and cleanedofsurround-
ingtissue. After the tracheas wereopenedlongitudinally,
they were cut again in halfand sectioned into double ring
explants. Tissues were divided into groups and cultured
in 35-mmplastic culture dishes containing 4 to 5explants
per dish. The explants were maintained in 0.5 mL serum-
free Minimum Essential Medium (MEM) (GIBCO) sup-
plemented with 100Mg/mL gentamycin and 25 units/mL
nystatin (16). Cultures were incubated at 370C in an at-
mosphere of95% airand5% CO2 andthe culture medium
changed three times per week.
Reversion of Squamous Metaplasia
Tracheal organ cultures were divided equally into two
groups with three treatment regimens (A, B, and C) as
indicated in Figure 1. Each group contained untreated
tracheas (A); explants exposed to benzo[a]pyrene (BaP)
(0.5,g/mL medium, dissolved inacetone atafinal concen-
tration of 0.1% in medium) three times per week for 3
weeks (B); and tissues exposed to crocidolite asbestos
(UICC reference sample)(4,ug/mLmedium)for 1 hratthe
time of initiation of cultures (C) (6,8,9,11). Each of the
treatment groups was further subdivided with the sub-
divisions receivingnoretinalacetate(RA), or RA(Sigma
Chemical Company)(dissolved in dimethyl sulfoxide at a
final concentration of 0.1% in medium) at 107 M or
8o -8 M three times per week for 1 week.
Groups 1 and 2 received the RA at different times.
Whereas group 1 received the RA for 1 week at week 3
ofculturing(To), group 2 received the RA for 1 week at
5 weeks (T1). All explants were harvested at the end of
the RA treatments.
Prevention of Squamous Metaplasia
Hamster tracheal organ cultures were prepared as
described and divided into groups (n = 9-15 ex-
plants/group). Ib determine whether inhibitors of poly-
amine biosynthesis affected squamous metaplasia caused
by asbestos(protocol #1), untreated controls and explants
exposed initiallyfor 1 hrto crocidolite asbestos (4mg/mL
medium)were maintained in MEM with andwithout ad-
dition ofDFMO (5 mM, Merrell National Labs) orMGBG
(5MuM, Merrell National Labs). Mediumwithandwithout
drugs was replenishedthree timesweekly. An additional
group received DFMO(5mM)followedat24hrbyMGBG
(5 AM) three times weekly.
In other experiments, nonasbestos-exposed cultures
were maintained in Waymouth's MAB 87/3 medium
(GIBCO) with the addition ofinsulin (1 ,g/mL medium),
hydrocortisone (0.1 ,ug/mL medium), and antibiotics. This
formulation results in a complex vitamin A-deficient
medium causing squamous metaplasia (16). DFMO (1 or
5mM), MGBG(5Mm), or DFMO(1 ,um)followedbyMGBG
(5 Mm) at 24 hr was added to designated cultures three
times weekly (protocol #2).
Autoradiographic Studies
We reported previously (17) an increase in the extent
of squamous metaplasia in hamster tracheal organ cul-
turesexposedtoputrescine(1 mM)in culturemedium. Tb
determine ifaddition ofpolyamines would increase basal
cell hyperplasia as measured by incorporation of 3H-
thymidine in tracheal epithelium, tracheal organ cultures
wereprepared as described above andmaintained inWay-
mouth's MAB/873 withadditives. The mediumin selected
groups then was supplemented withputrescine, spermi-
dine, or spermine (all at 1 and 10 mM; Sigma Chemical
Company) three times weekly for 3 weeks. At this time,
organ cultures (n = 14-19/group) were pulsed for 5 hr
with 3H-thymidine (10 jACi/mL medium) (New England
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FIGURE 1. Protocols for evaluation ofwhether retinal acetate reverses squamous metaplasia in control (A), BaP-exposed (B), and asbestos-
exposed (C) hamster tracheal organ cultures.
Nuclear) before preparation for histology as described be-
low. Unstained 5 pm sections were prepared for autoradi-
ography as describedpreviously(8) and assessed bylight
microscopy for numbers ofepithelial cells incorporating
3H-thymidine.
Histology and Grading of Squamous
Metaplasia
All organ cultures were fixed in 10% bufferedfornalin,
embedded in paraffm, sectioned at5,um, and stainedwith
hematoxylin and eosin. The grading system for scoring
the extent ofmetaplasia hasbeenreportedpreviously (8).
Briefly, the prepared sections were examined by light
microscopy andgiven a score depending on the extent of
metaplasia observed. Cultures showing normal differen-
tiation and no metaplasia were given a score of 1. Ex-
plants with focal metaplastic lesions that covered less
than 15% of the epithelial surface were considered as a
2. Ifthe metaplasia covered more than 15% but less than
50% ofthe epithelium, the explant was scored as a 3. Ex-
plants with metaplasia covering more than 50% of the
epithelium were scored as 4s.
Slides were coded and scored independently by two in-
vestigators, and the scores were averaged. In studies us-
ing RA to inhibit squamous metaplasia, data were ana-
lyzed by a multiway analysis of variance with the
metaplastic score treated as the dependent variable and
the other factors (dosage, time, and treatment) adjusted
for in the analysis (18). The Kruskal-Wallis analysis was
used to evaluate metaplastic changes in organ cultures ex-
posed to polyamines and inhibitors ofpolyamine biosyn-
thesis (18).
Results and Discussion
Effects of RA on Squamous Metaplasia
Anumber ofstudies have demonstratedtheimportance
ofvitamin Ainmaintaining the normal differentiation of
tracheobronchial epithelium (14,19-22). In the absence of
vitamin A, the mucociliary epithelium converts to squa-
mous metaplasia, a lesion also observed after trauma
(23,24) or exposure to toxic agents(12,25). After addition
ofchemical carcinogens, squamous metaplasia occurs in
organ cultures of many types of epithelial cells (26-28).
Both prevention and reversal ofthese lesions have been
achieved after addition of retinoids to culture medium
(14,29-32). Retinoids also appear effective in preventing
the development and growth of chemically induced
tumors inlaboratory animals (33-36) althoughtheirmech-
anism(s) of action is unclear.
Asbestos is a physical carcinogen causing squamous
metaplasia in the tracheobronchial epithelium (8,10-12)
and is associated with an increased risk ofbronchogenic
carcinomain man(1). Although chronic administration of
theretinoidretinyl methyletherprevents the appearance
ofasbestos-induced metaplasia inhamstertracheal organ
cultures (8), the question ofwhether squamous metapla-
sia can be reversed after establishment ofthe lesion has
received little attention. Accordingly, we addressed the
questions: a) Can retinoids reverse preestablished,
asbestos-associated squamous metaplasia? b) Does the
time interval between the addition ofasbestos and appli-
cation of a retinoid affect the potential ofthe retinoid to
reverse squamous metaplasia? and c) Can retinoids re-
verse squamousmetaplasiainducedby achemical carcino-
gen such as BaP in the tracheal bioassay?
Ib determine the effects ofretinoids on various treat-
ment groups over extended time periods, it is ofcritical
importance that time in culture has no effect on the de-
velopment of metaplasia. Figure 2A, which is compiled
from the pooled data ofthe 3 treatment groups (control,
BaP, and asbestos), shows that length oftime in culture
from 4 to 6 weeks does not influence the extent of
metaplasia. In contrast to the situation observed with as-
bestos, BaP does not cause a significant increase in squa-
mous metaplasia in hamstertracheal organ cultures(Fig-
(1)
(2)
4 WKS
t
Harvest
6 WKS
t
Harvest
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ure 2B). This observation supports ourprevious work(37)
in which an increase in squamous metaplasia was found
in cultures exposed to various concentrations ofBaP over
a 4-week period. Although metaplastic lesions were ob-
served sporadically inthe presence ofBaP, these changes
were not reproducible.
When data from all test groups is pooled, administra-
tion ofRA results in adosage-dependent decrease in the
amount ofsquamous metaplasia at all time periods (Fig-
ure 3A). Additionally, all groups respond similarly to the
retinoid, although the absolute amount of squamous
metaplasia is more stiking, regardless ofthe concentra-
tion ofretinoid, inthe asbestosgroup as comparedto con-
trol and BaP-exposed explants (Figure 3B).
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FIGURE 2. Effect oftime in culture (A) and exposure to BaP or asbestos
(B) on the development of squamous metaplasia in tracheal organ cul-
tures. Time in culture (A) had no effect on the amount ofmetaplasia
observed in the 3 test groups. Treatment ofexplants with asbestos
(B) significantly increased the amount ofmetaplasia observed (p <
0.001), whereas exposure to BaP did not cause an increase inmetapla-
sia incomparison to control explants. The dose ofRA and treatment
group(A) anddose ofRAandtime(B) wereadjusted forinthe statisti-
cal analyses.
FIGURE 3. Effectiveness of RA in reversing squamous metaplasia in
tracheal organ cultures. Under all circumstances, RA reversed squa-
mous metaplasia in a dose-dependent manner (p < 0.001) (A), al-
thoughthe relative amount ofsquamous metaplasia was more strik-
ing in asbestos-exposed explants (B). Statistical analyses were
adjusted for time and treatment in (A), whereas time alone was ad-
justed for in (B).
Figure 4 suggests that the effectiveness of RA
decreases as the length oftime between exposure to as-
bestos and initial application ofRAincreases. This obser-
vation is supported by the results of in vivo studies of
others showing that delayed administration ofretinoids
leads to their diminished effectiveness in preventing
mammary tumorgrowth(38,39). Unlike chemical carcino-
gensthat are metabolizedby tracheal epithelial cells, as-
bestos fibers are insoluble and remain entrapped in
metaplastic lesions for 6 weeks and longer in culture.
Thus, asbestos-induced squamousmetaplasia appears to
be morepersistent andisreversedless effectivelybyreti-
noidsthanlesions associated withexposure to soluble tox-
icants.
Effects of Inhibitors ofPolyamine
Synthesis on Squamous Metaplasia
ODC is the first andratelimitingenzyme inthebiosyn-
thesis ofpolyamines (Figure 5), essential growth regula-
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FIGURE 4. Effect oftime on the efficacy of RA in reversing squamous
metaplasia. Data suggest that RA is less effective in reversing
asbestos-induced metaplasia when administered at 5 weeks in com-
parison to 3 weeks (p < 0.09).
tory molecules. The ability ofphorbol compounds to in-
duce ODC is related directly to their potency as tumor
promoters, thus the induction ofthe enzyme is thought
tobe essential to theprocess oftumorpromotion(40). In
support ofthishypothesis, DFMO, aspecific, noncompeti-
tive inhibitor ofODC, inhibits promotion in anumber of
experimental models including mouse sldn(41), colon(42),
pancreas (43), andmammarygland(43). Whereas DFMO
induces differentiation ofvarious tumor cell lines (47,48),
it inhibits differentiation ofpreadipocytes (49) and myo-
blasts (50). RA also inhibits tumor promotion in mouse
skin (45), ODC induction, levels of polyamines, and
proliferation in mouse skin (15) and cultured cells (46).
Tb determine whether inhibitors ofpolyamine synthe-
sis could inhibit squamous metaplasia in vitamin A-
deficient tracheal organ cultures or explants exposed to
crocidolite asbestos, we added DFMO, MGBG, a struc-
COOH
ORNITHINE
H2N(CH2)3CHNH2
, Ornithine decarboxylase
DFMO
0 C02
PUTRESCINE
H2N(CH2)4NH2
Spermidine
synthase (CH2
SPERMIDINE
H2N(CH2)4NH(CH2)3NH2
Spermine
synthase (CH
SPERMINE
H2N(CH2)3HN(CH2)4NH(CH2)3NH2
tural analog of spermidine and an inhibitor of S-
adenosylmethionine decarboxylase (51) (Fig. 5), or DFMO
followed by MGBG to culture media three times weekly.
Underthe latter circumstances, DFMO increases the up-
take of MGBG by cells (52).
As shownin Figure 6, exposure to crocidolite asbestos
orMGBG alone results in increased amounts ofsquamous
metaplasia(p < 0.05)in comparison to controls. Ahigher
percentage of explants exhibiting extensive squamous
metaplasia is observed in the group exposed to crocido-
lite asbestos andMGBG, anobservation supporting apos-
sible additive effect ofagents. In contrast, an increase in
metaplasia was not observed in groups exposed to
crocidolite with addition of DFMO, DFMO alone, or
DFMO in combinationwithMGBG. Thus, DFMO appears
to inhibit both asbestos- and MGBG-induced squamous
metaplasia. Dataprovided in Figure 7 show no effects of
DFMO on the development of metaplasia in vitamin A-
deficient tracheal organ cultures, whereas MGBG alone
orMGBG incombination with DFMO augment squamous
metaplasia significantly (p < 0.05).
Thble 1 illustrates the effects ofvarious polyamines on
DNA synthesis when added to themedium oftracheal or-
gancultures overa3-weekperiod. The addition ofputres-
cine (1 and 10 mM) and spermidine (1 mM) cause signifi-
cant (p < 0.05) increases in numbers of epithelial cells
incorporating 3H-thymidine, whereas spermine (1 mM)
does not enhance the normal labeling index. Both sper-
mine and spermidine were cytotoxic, as determined by
histopathology, to tracheal epithelium at 10 mM (data not
shown).
The data suggest that the polyamines, putrescine and
spermidine, enhance epithelial cellreplication and the de-
velopment of squamous metaplasia in hamster tracheal
organ cultures. Although increased proliferation ofmany
eukaryotic cells has been observed after addition of
putrescine and spermidine to monolayer cultures(53,54),
L-METHIONINE + ATP
MGBG..4-
S-ADENOSYLMETHIONINE
S-Adenosylmethionine
decarboxylase C02
S-METHYLADENOSYL -
HOMOCYSTEAMINE
2)3NH2 -- -
2)3NH2 I
METHYLTHIOADENOSINE
FIGURE 5. Diagram illustrating biosynthesis of polyamines.
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100 Control (N=9) Crocidolite 4mg/mL + DFMO 5mM
(=11) (N 13)
60
2 20
a)100. MGBG 5MM + Crocidolite 4mg/mL Crocidolite 4mg mL
c (N=9) + DFMO 5mM + MGBG 5pM
6o. (~~~~~~N 13) (N 12)
cn
c 100 + DFMO 5mM + Crocidolite 4 mgmL =Ditferentiated
o + MGBG 5pM + DFMO 5mM
Metaplasia~ ~ ~
Exeniv
FIGURE 6. Effects of DFMO and MGBG on squamous metaplasia in-
duced byasbestos Addition ofcrocidolite (4mglmL) or MGBG (5,M)
caused an increase in squamous metaplasia in comparison to controls
whereas no increase was observed with addition ofcrocidolite in com-
bination with DFMO (5 mM). Asterisk (*) denotes p < 0.05.
Table 1. Incorporation of 3H-thymidine in hamster tracheal
epithelium after addition of polyamines.
% Labeled
Groups n epithelial cells5
Control 19 2.42 + 0.64
Putrescine, 10 mM 14 7.28 ± .0
Putrescine, 1 mM 19 6.96 ± .1
Spermine, 1 mM 16 2.36 ± 0.69
Spermidine, 1 mM 15 6.95 ± .8
aMean ± SE, 100epithelial cells from each offive serial sections were
counted for each explant.
bcncreased in comparison to untreated controls (p < 0.05).
the finding that these polyamines augment basal cell
hyperplasia and metaplastic differentiation of tracheal
epithelial explants is novel. The inhibition of asbestos-
induced squamous metaplasia by DFMO, a drug deplet-
ing de novo synthesis of all polyamines (55), further
strengthens the hypothesis that polyamines are critically
involved in the induction of squamous metaplasia by as-
bestos. For reasons that are unclear, DFMO did not ap-
pear to inhibit the squamous metaplasia observed with
vitamin A deficiency or vitamin A deficiency in combina-
tion with MGBG(Fig. 7). In comparison to putrescine and
spermidine, spermine appears to be relatively less impor-
tant in cellular proliferation as growth inhibition only oc-
curs when intracellular pools decline to c 60% ofnormal
(55). However, this polyamine appears to play an impor-
tant physiological role in intracellular calcium homeosta-
sis (56). Although MGBG canblock synthesis ofboth sper-
mine and spermidine, it also increases cellular transport
of extracellular polyamines, even in the presence of
DFMO (51). Thus, increased accumulation ofputrescine
and/or spermidine under these circumstances might ex-
100 Control (N=15) + DFMO 1mM (N=14) + DFMO 5mM (N=13)
80.
0) 60 C)
C
(0
-~40
C-
20
co
0
:~3 0
C
100 + MGBG 5pM (N=15)* + DFMO 1mM
n .+ MGBG (N=14)* = Differentiated
X 80 [11= Focal
60 = Moderate
0-
4 UL= Extensive
20.
0.
Metaplasia
FIGURE 7. Effects of DFMO and MGBG on squamous metaplasia in
tracheal organ cultures maintained in a complex medium encourag-
ing squamous metaplasia. The addition of MGBG (5IM) or DFMO
(1 mM) in combination with MGBG caused a significant increase in
squamous metaplasia in comparison to control cultures; asterisk (*)
denotes p < 0.05.
plain the enhanced amount of squamous metaplasia ob-
served in MGBG-treated explants
In conclusion, depletion of polyamines by DFMO or
treatment withretinoids appear to be an effective means
ofpreventing and/orreversingasbestos-associated squa-
mousmetaplasia invitro. The use ofthese agentsmaybe
rewarding as prophylactic or therapeutic approaches to
lung disease in man.
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